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Abstract 
We theoretically study the effect of transverse electric potentials on the transport 
properties of armchair graphene nanoribbons (AGNRs), formed by pairs of asymme-
tric gates placed along the side of the ribbon. Single pair and dual pair configurations 
are considered. We also examine the effect of hollows (spatial regions void of carbon 
atoms) in the AGNR channels. We find that the use of hollowed AGNRs in the dual 
pair configuration allows for a significant modulation of the transport gap, when the 
two pairs have opposite polarity of gate bias. Furthermore, we show that for the 
dual-gate system, hollowed AGNR channels exhibit the optimal ratio of ON-state to 
OFF-state conductance, due to the smaller OFF-state conductance compared with spa-
tially homogenous AGNR channels. Our results indicate that transverse gate technol-
ogy coupled with careful engineering of hollow geometry may lead to possible appli-
cations in graphene-based electronic devices. 
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1. Introduction 
The graphene nanoribbon (GNR), a quasi-one dimensional system, has at-
tracted considerable studies due to its unique material and transport properties under 
electronic1-5, magnetic4-13, and optical11-12 fields. In particular, armchair GNRs 
(AGNRs) exhibit semiconducting behavior coupled with an extremely low carrier ef-
fective mass, making them a potential candidate for novel channel materials in the 
next generation of field-effect-transistors14-22. Furthermore, by varying their shape to 
create heterostructures, GNRs might be implemented into the applications of quantum 
dots23 and resonant-tunneling-diodes24
.
 In addition to these traditional device designs, 
recent studies also investigate the unique properties of GNRs and their possible device 
applications, such as in magnetoresistive 13 and spintronic devices25,26. Recently, it has 
been theoretically shown that the application of a transverse electric field (E-field) 
causes a spectral shift of the conduction and valence bands of the AGNR, resulting in 
an upward (downward) shift for the conductance (valence) band1-4. Therefore, the 
transport gap of an AGNR decreases, especially at a high E-field, and the electron 
transport properties can be modulated by the transverse E-field. However, this varia-
tion is limited and its sensitivity to the gate voltage is very low for conventional de-
vice applications27.  
In this paper, we apply transverse-asymmetric-electric-potentials (TAEP) 
across GNRs [3] as shown in Fig. 1. Unlike conventional top-gated devices, the con-
ductance modulation in this case is achieved by dynamically modifying the bandgap 
of the GNR channel through the pair of asymmetric side gates, +Vg and -Vg. Owing to 
its planar structure, the channel layers of multiple such devices can be stacked verti-
cally as shown in Fig. 1(a). This allows for multiple channels to be controlled by a 
single set of gates, allowing for more compact IC integration, such as 3D chips, com-
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pared to the conventional top gated-FET structure.  
However, for this design having a single pair of TAEP gates (single-TAEP), a 
large E-field is required to close the gap. As a result, it may not be practical for appli-
cations. Therefore, we further investigate the effect of a dual-TAEP gate26 structure as 
shown in Fig. 1(c), and also introduce a hollow (a spatial region void of carbon atoms) 
in the AGNR. Compared to homogenous AGNRs, the transport gap of hollowed 
AGNRs is more sensitive to the variation of the transverse E-field, and can be tuned 
by careful engineering of the hollow’s geometry. Furthermore, unlike homogenous 
AGNRs, the transport gap of hollowed AGNRs depend on the electronic configuration 
of the dual-TAEPs. When the two pairs of TAEPs are applied in a parallel (an-
ti-parallel) configuration (corresponding to Vg>0 (<0) in Fig. 1(c)), the transport gap 
is increased (decreased). Due to the significant modulation of the transport gap, the 
electronic conductance across hollowed AGNRs in dual-TAEP structures can vary 
considerably. It indicates the possibility to implement these dual gate designs in 3D 
chip architectures.   
 
2. Simulation Model 
To investigate the electronic transport in hollowed AGNRs, we use the real space 
pi-orbital tight binding Hamiltonian28,29, given by
 
H = V
n
a
n
+
n
∑ an − tn,man
+
n,m
∑ am '
 
, where 
tn,m is the hopping energy between two bonded atoms m and n, and Vn is the electros-
tatic potential at site n caused by the gate potential. The Laplace potential assumed in 
this work varies across the transverse direction of the AGNR4. The electron transport 
behavior in the GNR is studied by using the non-equilibrium Green’s function 
(NEGF) formalism30. In the NEGF formalism, the electron transmission at energy E 
across the GNR is
 
T (E) = Trace[ΓS (E)G r (E)Γ DG r (E)]+ , where 
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Gr (E) = [EI − H − ΣS (E) − ΣD (E)]−1  is the retarded Green’s function of the GNR 
channel,
 
)()( EDSΣ is the self energy of the source (drain) leads with semi-infinite 
homogenous GNRs, and the coupling between the source (drain) and the channel, 
( ) ( ) ( )( ) [ ].S D S D S DE i +Γ = Σ − Σ  For a given Fermi level (EF), the source-drain conduc-
tance under a small source-to-drain bias, GD(EF), and the electron flux, jnm(EF), across 
two atoms n and m are computed as  
 
GD (EF ) =
q2
h
T (E)
−∞
∞
∫
−∂f0(E − EF )
∂E
dE
, 
jnm (EF ) = (q / h) tmnGnm< − tnmGmn<  ,  
where ( )nm m nG E i a a< +=  is the lesser Green’s function31,32.  Referring to Fig. 3, 
Ny is the total number of dimer rows, while Nx is the total number of unit cells. We 
represent the width (length) of the AGNR with Ny (Nx). The width (length) of the 
hollow is represented by Ny’ (Nx’). We use the notation n-AGNR for an AGNR with 
Ny= n.   
 
3. Results and Discussion 
Firstly, we study the variation of the electronic band structure (E-K dispersion 
relations) of AGNRs under the single-TAEP as shown in Fig. 2. Previous studies have 
shown that AGNRs can be classified into three types, i.e. AGNR3p+1, AGNR3p and 
AGNR3p-1, corresponding to the total number of dimers, Ny=3p+1, 3p, and 3p-1 [p=1, 
2, 3, …] respectively33. In this work, semiconducting AGNR3p+1 are selected since 
these have the largest transport gap when Vg=0. Fig. 2(a) shows the change in band 
structure with Vg for a 13-AGNR. Due to the spectral shift of the conduction and va-
lence band states at the edges 1-4, the minimum separation between the conduction and 
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valence band, i.e. the transport gap Eg, changes with increasing Vg. In Fig. 2(b), the 
variation of the transport gap with increasing Vg for AGNRs with different widths is 
shown. At Vg=0, AGNRs with larger width have smaller transport gap. As the Vg in-
creases the transport gap is initially unchanged until it reaches a critical value. Beyond 
this value the transport gap starts to decrease almost linearly. Under a sufficiently 
high Vg, the gap closes, i.e. Eg→0. This indicates a transition of the AGNRs from a 
semiconducting to metallic state due to the applied TAEP. Fig. 2(b) also shows that 
the transport gap of wide AGNRs tends to decrease and approach zero at lower Vg 
compare to narrower AGNRs. The rate at which the gap decreases with Vg, i.e. 
∆Eg/∆Vg, however, is nearly identical for all AGNRs. For all the cases, the decrease in 
Eg due to Vg is very small, i.e. Eg/∆(eVg)<1, indicating that a large bias is needed to 
close the transport gap, and that it might not be practical in commercial 
field-effect-transistor applications27. 
 Next, we investigate dual-TAEP gated structures. Unlike the single-TAEP 
case, in a dual-TAEP gate structure we can apply parallel (P) or anti-parallel (AP) 
E-field configuration by setting Vg>0 or Vg<0, respectively. In both cases, the left pair 
of gates always keep the same sign whilst the sign of the right pair varies (see Fig. 3). 
As a result, when Vg>0 the two pairs of gates work under the same fields (defining the 
P-configuration) while for Vg<0, the two pairs work under opposite fields (defining 
the AP-configuration). To understand the transport properties under these two differ-
ent configurations clearly, the energy E=EF-Ei=0.3eV (Ei=0) is selected to keep only 
one conduction subband involved in the carrier transport. When the TAEP is applied 
in a P-configuration, c.f., Fig. 3(a), under Vg=1V, an E-field is produced across the 
width of the GNRs, which shifts the forward conduction states to the top-edge. As a 
result, the electrons are transmitted across the top-edge of the GNRs, and the trans-
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mission remains high, i.e. T=1. When we apply the dual-TAEP in an AP-configuration 
(Fig. 3(b)), under Vg=-1V, the conduction channel splits into two - on the top (bottom) 
edge for the left (right) side of the channel.  Due to the different channels under an 
AP-configuration, an extremely low transmission might be expected. However, the 
electrons can still transits from top-edge to bottom-edge via the centre (width wise) of 
the channel. Due to spatial scattering caused by the electrons flowing from the top 
edge to the bottom edge, T decreases slightly to 0.76.  
To further decrease the transmission, we introduce a potential barrier in the 
centre of the AGNR by creating a hollow, as shown in Figs. 3(c) and (d). In the hol-
lowed structure, under the P-configuration, the electron transmission remains high, 
similar to the homogenous structure. This is because electrons are mainly transmitted 
across the top-edge and thus are not affected by the hollow. However, in the 
AP-configuration, the hollow resists the flow of electrons from the top to bottom- 
edge, and thus the transmission is considerably decreased as shown Fig. 3(d), i.e. 
T=10-15. This indicates that compared to the homogenous AGNR, the electron trans-
mission across the hollowed AGNR channel can be considerably modulated by con-
trolling the gate voltage in dual-TAEP gated structures. 
To gain a more detailed understanding of the electronic transport in hollowed 
structures, firstly we investigate T(E) under the different structural conditions, without 
any transverse E-field. The transport gap is determined as the range of energy where 
the transmission is suppressed closed to zero, which we set as T<0.01. In a hollowed 
structure, two AGNR strips (edge-strips) are formed at the top and bottom of the hol-
low. We assume that the width of the edge-strips are the same for both the strips and 
given by Ny’’=(Ny-Ny’)/2. Fig. 4(a) and (b) show the T(E) spectrum due to the varia-
tion in Ny’’, for AGNRs with fixed Ny’=3 and Ny=17, respectively. The dotted lines 
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refer to the T(E) of the homogenous AGNR. For a homogenous AGNR the transport 
gap is determined by the total width of the AGNR (Ny).33 However, for the hollowed 
AGNRs, when the length of the hollow is sufficiently large, the edge-strips can be 
treated as individual channels, and thus the GNR behaves as a heterostructure con-
sisting of: 1) AGNRs with width Ny at the left/right of the hollow, and 2) AGNRs with 
width Ny’’ at the top/bottom of the hollow. Furthermore, it is also found that, if the 
transport gap of Ny’’-AGNR is larger than the transport gap of Ny-AGNR, the trans-
port gap is increased. Otherwise, the transport gap is similar with that of the homo-
genous GNRs, indicating that the effective transport gap is determined by the channel 
with the largest transport gap. To confirm this hypothesis, we fix the edge-strip widths 
to Ny’’=7, such that the strips have a large transport gap. Referring to the circled re-
gion in Fig. 4(c), we found, regardless of the value of Ny, that the transport gap re-
mains almost constant.  
Next, we study the effect of TAEP on the transport gap. The central panel of 
Fig. 5(a) shows the change in the transport gap for homogenous [Ny=16, Nx=100,] 
and hollowed structures [Ny=16, Ny’=2, Nx=100, Nx’=90] with varying Vg. The left 
and the right panels show the transmission of homogenous and hollowed structures 
under Vg=-1 (green line), 0 (red line), and 1 V (blue line), respectively, and indicate 
how to extract Eg/2 corresponding to the central panel. In principle, the transport gap 
of a homogenous AGNR shows a symmetric variation for P and AP configuration, 
whereas the transport gap of the hollowed AGNR increases to a maximum value, and 
then sharply decreases to zero as Vg decreases. This is because of the different physi-
cal mechanism underlying the variation of Eg in the two systems. In the homogenous 
structure, the transport gap variation is predominated by the spectral shift of the con-
duction and valence band states at the edges [refer to Fig. 2]. However, for the hol-
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lowed AGNR, the transport-gap variation involves different mechanisms which fol-
low from two unique characteristics 1) the edge-strips form two parallel transport 
channels, and 2) the potential at the middle of the hollow is zero. Therefore, in the 
P-configuration, the average potential in the top (bottom) strip is positive (negative), 
and thus electronic bands are shifted to lower (higher) energy.4 As Illustrated in Fig. 
5(b), this shift decreases the transport gap. However, when Vg is very large, the de-
crease in the transport gap of a hollowed AGNR is limited by the transport gap of the 
homogenous AGNR. This is because, in a hollowed AGNR, the left and right strips 
around the hollow can be considered as semi-infinite homogenous AGNRs, and thus 
the transport gap is determined by the competition between the edge-strips and the 
homogenous AGNRs.  On the other hand, in the AP-configuration, the average po-
tential along the top/bottom strip varies from positive/negative (along the left-half of 
the strip) to negative/positive (along the right-half of the strip) as shown in Fig. 5(b). 
As a result, a junction barrier is formed within the strip, and this barrier increases the 
effective difference between the conductance and valence band, resulting in an in-
crease in the transport gap with decreasing Vg. However, when the transport gap be-
comes twice the transport gap of the top/bottom GNR strips, any further decrease in 
Vg causes the gap to drop to zero suddenly, due to the overlap between Ec and Ev of 
GNR strips which allows electron tunneling through these two bands.  
Finally, we compare the source-drain conductance, GD across AGNRs with 
varying transverse Vg for both the hollowed and homogenous cases. In Fig. 6(a), we 
investigate the effect of the TAEP on the GD-Vg curve of homogenous AGNRs of 
different widths. Unless otherwise state, we set the Fermi level EF at the intrinsic level 
(E=0). As the Vg varies, the transport gap changes, resulting in a change of 
source-drain conductance at the intrinsic level of E=0, i.e. GD (EF=0). We denote the 
 9
maximum and minimum GD as GMAX and GMIN, respectively. As Ny increases, the 
transport gap
 
under Vg=0 decreases, resulting in higher GMIN. On the other hand, the 
GMAX remains the same under different Ny. It is because when GD =GMAX, the trans-
port gap Eg ≈ 0 regardless of Ny, with one subband for carrier transport for all three 
cases. Moreover, the GMAX is achieved at lower Vg for devices with larger width, since 
for larger Ny, the transport gap begins decreasing at lower Vg [refer Fig. 2].  
Next, Fig. 6(b) shows the effect of the gate on GD-Vg curve of hollowed 
AGNRs of the different widths. Unlike the homogenous AGNR, the conductance 
change in the hollowed AGNR is caused by the formation of the gated junction barrier 
in both of the edge-strips, and thus the conductance changes significantly as Vg varies 
from AP (Vg<0) to P (Vg>0) configuration. Referring to the dashed arrows in Fig. 5(b), 
the electronic transport for GMIN is mainly determined by the electrons tunneling 
through the potential barrier across the edge-strips. Therefore, when the length of the 
edge strip, i.e. Nx’ is longer, the tunneling probability is smaller. This decreases the 
minimum GD to a much lower value, resulting in a higher GMAX/GMIN ratio. When Vg 
is very small (in the AP configuration), there is a steep increase in GD, i.e. a steeper 
GMAX-GMIN transition. Referring to Fig. 5, when Vg<<0, band-to-band tunneling oc-
curs within the edge strips, resulting in high transmission around E=0. Due to the 
band-to-band tunneling, a steep GMAX-GMIN transition is obtained in the 
AP-configuration. Note that, Nx’=0 refers to the homogenous structure, where the GD 
curve is symmetrical at Vg=0. For large Vg, the GD is limited by the GD of the homo-
genous structure. Furthermore, we studied the effect of Vg on GD when we change the 
Fermi level of the AGNR in Fig. 6(c). The Fermi level can be varied either by doping 
or by applying a back gate voltage. In general, when the Fermi level is increased: 1) 
GMIN is higher - the thermal electrons are transported at energy closer to the first con-
 10 
duction sub-band edge, and thus the thermal current is larger at the GMIN, and 2) the 
GMAX is achieved at lower Vg– only a smaller Vg (smaller threshold voltage) is re-
quired to increase the electron energy such that it is higher than the first conduction 
sub-band edge.  
 
4. Conclusion 
We study the effect of single and dual-TAEP on the electronic transport gap of homo-
genous and hollowed AGNRs. Although the transport gap of AGNRs decreases under 
single-TAEPs, the reduction in the gap with Vg is not sufficient for application in 
commercial electronic devices. To improve the sensitivity of the transport gap varia-
tion to the Vg, we introduce a dual-TAEP gated structure. This structure allows two 
different configurations of the transverse E-fields (P and AP-configuration).  Although 
the case for homogeneous GNRs show similar results to the single TAEP system, in-
terestingly, the transport gaps of hollowed AGNRs depends on the configuration of 
the dual-TAEP, and shows a significant variation with Vg. This is because the trans-
port gap of hollowed AGNRs, unlike that of homogenous AGNRs, is a result of four 
different mechanisms; band-to-band tunneling, junction barrier, band shifting and 
bandgap modulation by the transverse field, where the former three can considerably 
affect the electron transport. Finally, we evaluate the source-to-drain conductance of 
the dual-TAEP structure for hollowed and homogenous AGNRs by varying Ny, Nx, 
and EF. We show that compared to the latter, the former can provide a much smaller 
OFF-state conductance, resulting in the considerably larger ratio of ON-state to 
OFF-state conductance. Our study indicates the possible applications of transverse 
gate technology coupled with the careful engineering of hollow geometry in gra-
phene-based electronic devices. 
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Fig. 1 (a) Structure of a TAEP-gated field-effect-transistor, where multiple AGNR channels 
are stacked vertically. (b) Top-view of a channel layer - AGNR with a single-TAEP gate. (c) 
Top view of an AGNR channel layer with dual-TAEP gates. We assume a linear potential drop 
across the transverse direction of the structure. Semi-infinite AGNR source and drain contacts 
are used. 
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Fig. 2(a) Band structure variation of AGNRs with increasing gate potential, Vg. The minimum 
distance between the valence band and conduction band decreases as Vg increases. [Ny=13]. 
(b) Transport gap variation with increasing Vg for different widths. The inset shows the con-
ductance when Vg=0.5V and 1.25V [Ny=16].  
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Fig. 3 Electron flux of homogenous and hollowed AGNRs with dual-TAEP gates. The gate 
provides an asymmetric potential of across the transverse direction (y-direction) of the AGNR. 
Electrons are transported in the x-direction. The plots (a)-(d) show the electron flux at energy, 
E=0.3eV when E-field is applied in a (a) parallel (P) configuration, i.e. Vg=+1V in a homo-
genous structure. (b) anti-parallel (AP) configuration, i.e. Vg=-1V in an homogenous structure. 
(c) P configuration in a hollowed structure. (d) AP configuration in a hollowed structure. High 
transmission, T is obtained in (a), (b), and (c). Low T is obtained in (d). The relevant structure 
parameters are Ny=16, Nx=100, Ny’=2, and Nx’=90. 
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Fig. 4 Transmission-energy T(E) spectrum (a) for different Ny’’ when Ny’=3, (b) for different 
Ny’’, when Ny=17, and (c) for different Ny, when Ny’’=17, respectively. The dashed lines 
shows the T(E) of the homogenous AGNR, i.e. Ny’=0. Ny, Ny’, and Ny’’=(Ny-Ny’)/2 are de-
fined in the inset of (b). Note that the plot for T>0.01 (T<0.01) is shown in linear (log) scale.  
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Fig. 5 (a) The central plot shows that the variation of Eg with Vg for homogenous (triangle) 
and hollowed (circle) GNR. The T(E) curve for under AP (Vg=-1), P (Vg=+1) and Vg=0 for 
the homogenous and hollowed GNR is shown in the left and the right plot, respectively. 
[Ny=16, Ny’2, Nx=100, Nx’=90]. (b) Schematics of the effect of Vg on the band structure of 
the edge strips in the hollowed GNR. When Vg<0 (Vg>0) the effective Eg is decreased (in-
creased). Note: When the Vg is very low, E’ would become negative, resulting in 
band-to-band tunnelling of electron. 
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Fig. 6: (a) The source-drain conductance, GD of homogenous GNRs, as functions of Vg for 
different GNR width, Ny. (b) The GD of hollowed GNRs, as functions of Vg for different hol-
low length, Nx. (c) The GD of homogenous (cross) and hollowed GNR (circle), as functions of 
Vg for varying Fermi level, EF. Unless otherwise stated: Ny=16, Nx’=0, EF=0eV. All simula-
tions are done at room temperature. 
 
